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The work is aimedat experimentaldeterminingandcomputersimulatingthe independentandcumulative yields
of residualproductnuclei in the target andstructurematerialsof the transmutationfacilities driven by high-current
accelerators.TheITEP U-10 acceleratorwasusedin 48 experimentsto obtainmorethan4000valuesof theyieldsof
radioactive residualproductnuclei in 0.1-2.6GeV proton-irradiatedthin
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Al targets. The resultsof verifying the LAHET, CEM95,
CEM2k,CASCADE,CASCADE/INPE,YIELDX, HETC,INUCL, andothersimulationcodesarepresented.
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I. Intr oduction

In recentyears,the residualproductyield datahave been
widely adoptedin the feasibility analysesof accelerator-
driven systems(ADS) applicable, for instance,to nuclear
wastetransmutation1) . This is relatedprimarily to the infor-
mation on the applicability scopeof the varioussimulation
codesusedto calculatehigh-energy interactionsin the ADS
structureelementswith a view to more reliablecalculations
of theADS nuclearparameters.

Table 1 lists the proton energies and the target materials
studiedin thework.

Table1 Targetmaterialsandprotonenergies

Target Protonenergy (GeV)
0.1 0.2 0.8 1.0 1.2 1.6 2.6�����

W
   �����

W
   ��� �

W
   ����!

W
   �����

Th
     "$#&%

U
     '�'

Tc
     ��'

Co
    !��

Cu
    !��

Cu
    "$#&%

Hg
    ��!

Fe
 ���

Ni
 '��

Nb
 "$#&%

W
 ��(&�

Pb
 

)
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II. Experiment

The samplesof 10.5 mm diameterwere irradiatedby the
externalprotonbeamfrom theITEPU-10synchrotron2) . The
nuclideyields weredeterminedby the direct * -spectrometry
method.The * -spectrometerresolutionis 1.8keV in the1332
keV * -line. The * -spectrawereprocessedby theGENIE2000
code.The * -lineswereidentified,andthecrosssectionscal-
culated,by the ITEP-developedSIGMA codeusingthe PC-
NUDAT database.Theprotonfluencewasmonitoredby the��+

Al(p,x)
���

Na reaction.
A moredetaileddescriptionof theexperimentaltechniques

canbefoundin2) and3) .

III. Basicdefinitions and computational relations

The formalismof representingthe reactionproductyields
(crosssections)in high-energy proton-irradiatedthin targets
is describedin sufficient detail in2) . In terms of the for-
malism,the variationsin the concentrationof any two chain

nuclidesproducedin an irradiatedtarget ( , �.-0/132 , �4-35102 )
maybepresentedto bea setof differentialequationsthatde-
scribetheproductionanddecaysof thenuclides.By introduc-
ing a formal representationof the time functionsof the type687:9.;�< 1>=@? -�A�B@C < 1D= ? - AFEHG< 1D= ? -3A G , (i=1, 2, Na; I is thedura-

tion of acceleratedprotonpulse; J is thepulserepetitionpe-
riod; K is thenumberof pulseswithin the irradiationperiod),
which characterizethe nuclidedecayswithin the irradiation
time,andby expressing(similar to therelativemeasurements)
theprotonfluencevia monitor reactioncrosssectionLNM % , we
canpresenttheunknownsas

LPO�Q0R� 9 S (T ��U@� 6 � ,WV # ,WXZY, G
6 V #[ V # L M %�\ (1)

LPO�Q0R� 9 S �] � T �^U_� 6 � ,`V # ,`XZY, G
[ � 1 [ �[ � 6 V #[ V # L M %�\ (2)



L 7 "@a� 9cbdS �6 �fe S �6 � [ �[ �hg <T � U � , V # , XZY, G
6 V #[ V # LiM % \ (3)

L O�Q0R� 9 L 7 "@a� e ] � L O�Q3R� 99 b S �6 �je S �6 � g <T �^U_� ,WV # ,`XZY, G
6 V #[ V # L M % , (4)

whereL O�Q0R� is thecumulativecrosssectionof thefirst nuclide;L 7 "$a� and L O�Q3R� aretheindependentandcumulativecrosssec-
tions of the secondnuclide;N XZY andN G arethe numbersof
nuclei in the monitor (standard)andin experimentalsample,
respectively; T � and T � arethe * -line yields; U@� and U_� arethe
spectrometerefficienciesat energiesEk / and Ek 5 ; ] � is the
branchingratio of the first nuclide;

[ � , [ � , [ V # are,respec-
tively, thedecayconstantsof thefirst andsecondnuclidesand
of the monitor product(

���
Na). The factorsA ( , A � , andA �

arecalculatedthroughfitting the measuredcountingratesin
the total absorptionpeaks,which correspondto energiesEk /
(thefirstnuclide)andEk 5 (thesecondnuclide),byexponential
functions.

A moredetaileddescriptionof thecomputationalrelations
canbefoundin3) and4) .

IV. Experimental results

More thanfour thousandyieldsof reactionproductsin the
targetslisted in Table1 have beendeterminedandpresented
in our Report3) . The datawill be sent to the EXFOR ex-
perimentaldatabase.Table2 shows the total numberof the
measuredreactionproductyieldsof differenttypesin eachof
ourmeasurementruns.

V. Simulation of experimentaldata

Thefollowing thirteencodeswereusedto simulatetheex-
perimentaldata,thuspermitting the predictive power of the
codesto be estimated. CEM95,5) CEM2k,6) CASCADE,7)

INUCL,8) LAHET,9) YIELDX, 10) CASCADE/INPE,11) CAS-
CADO/IPPE,12) GNASH,13) ALICE with the Fermi/Kataria
distribution of the nuclearlevel densities,14) QMD,15) NU-
CLEUS,16) andALICE-IPPE17) .

The procedureof calculating the cumulative yields and
comparingbetweenthe experimentaland simulationdatais
describedin detail in.2–4)

As anexample,Fig. 1 shows theresultsof a detailedcom-
parisonbetweensimulatedandexperimentalindependentand
cumulativeproductsin

��(��
Pbirradiatedwith 1GeVprotons.

VI. Summary on the agreementbetweenthe exper-

imental and simulatedproduct nuclide yields

The comparisonwas made for two groups of nuclei,
namely, the groupswith a significant fission mode (condi-
tionally “heavy” nuclei,

������� �����^� ��� � � ����!�� "$#&%
W,

"@#&%
Hg,

��(&�
Pb,�����

Th, and
"$#&%

U) andwithoutany fissionmode(conditionally
“light” nuclei,

��!
Fe,

���
Ni,

��'
Co,

!��^� !��
Cu,

'��
Nb, and

'�'
Tc).

Figure2 reflectsthe informationon the predictive power of
thecodes(meansquareddeviation factoris presented).

In the caseof light nuclei, wherealmostall productnu-
clides are formed by spallation, the predictive power of

Table 2 Numberof measuredreactionproductyields of different
typesin eachexperiment
Experiment Yield type Total

Target El i c i
)

i
)�)

[GeV]���	
W 0.2 3 25 1 3 32���	
W 0.8 5 58 1 6 70���	
W 1.6 10 87 6 6 109���

W 0.2 4 26 1 4 35���

W 0.8 6 61 2 7 76���

W 1.6 12 87 6 6 111�� �
W 0.2 4 26 1 5 36�� �
W 0.8 7 61 2 7 77�� �
W 1.6 12 88 7 7 114����
W 0.2 4 26 1 5 36����
W 0.8 4 53 1 4 62����
W 1.6 13 90 8 8 119�����
W 2.6 10 104 9 6 129	�
�	
Th 0.1 10 60 9 8 87	�
�	
Th 0.2 16 84 18 10 128	�
�	
Th 0.8 15 89 15 11 130	�
�	
Th 1.2 22 153 19 20 214	�
�	
Th 1.6 22 156 18 16 212�����
U 0.1 12 77 9 10 108�����
U 0.2 15 80 15 13 123�����
U 0.8 21 137 17 20 195�����
U 1.2 22 161 22 21 226�����
U 1.6 23 166 22 20 231���

Tc 0.1 4 9 3 2 18���
Tc 0.2 4 21 9 5 39���
Tc 0.8 10 43 11 8 72���
Tc 1.2 8 41 12 6 67���
Tc 1.6 10 47 11 10 78���
Co 0.2 6 17 3 3 29���
Co 1.2 7 26 4 4 41���
Co 1.6 7 26 4 4 41���
Co 2.6 7 26 4 4 41��

Cu 0.2 9 13 3 4 29��

Cu 1.2 10 29 4 4 47��

Cu 1.6 11 23 4 4 42��

Cu 2.6 11 23 4 4 42���
Cu 0.2 8 14 4 3 29���
Cu 1.2 13 31 5 5 54���
Cu 1.6 10 27 5 5 47���
Cu 2.6 10 28 5 5 48�����
Hg 0.1 4 18 10 12 44�����
Hg 0.2 6 33 12 14 65�����
Hg 0.8 9 68 12 14 103�����
Hg 1.6 8 103 16 14 141���

Fe 2.6 5 25 3 3 36��
Ni 2.6 9 22 3 4 38��

Nb 2.6 6 58 12 8 85	���
Pb 1.0 8 76 15 15 114

Total 472 2802 388 387 4050
i – independentyieldsof groundstates,c – cumulative yields,
i
)

= i m@n:o – independentyieldsof metastablestates,
i
)�)

= i m$n:o�phq – summed-upindependentyieldsof metastable
andgroundstates.

mostof the Monte-Carlocodesis characterizedby an mean
squareddeviation factor of at least2.0, with the agreement
beingsomewhat worseat low energies. The YIELDX semi-
phenomenologicalcodegivesthebestresultwhenpredicting
the reactionproductyields in light nucleiandsometimesap-
proachestherequired30%accuracy18) .
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Fig. 1 Detailedcomparisonbetweenexperimentalandsimulatedyieldsof radioactivereactionproductsin 1GeVproton-irradiated
	���

Pb. The
cumulative yieldsarelabeledwith a“c” whentherespective independentyieldsarealsoshown. Themeansimulation-to-experimental
dataratios t F u areshown in thelegendfor eachof thecodes.

In the caseof heavy nuclei, the physicsof proton-nucleus
interactionsgetscomplicateddueto thefissionchannelwhich
is not even included in someof the testedcodes(CEM95,
CEM2k, HETC). Therefore,themeansquareddeviation fac-
tor is very high (commonly, at least3.0andsometimesabout
an orderof magnitude)for the fissionproducts.From this it
followsthat,althoughthespallationproductsaredescribedby
the present-daycodessomewhat betterfor heavy nuclei that
for light nuclei (the meansquareddeviation factor is bellow
2.0),thegeneralagreementis aboutthesameasin thecaseof
light nuclei(themeansquareddeviationfactoris about2.0and
higher).Our studyshows thatfurtherdevelopmentof reliable
fissionmodelsis a priority taskin updatingall thesimulation
codes.

It shouldbe also noted that, in the caseof high-energy
(Evxw 1 GeV) projectile protons,most of the testedcodes
fail to satisfactorily describethe productionof the nuclides
whosenucleoncompositionsarecloseto the primarynuclei.
This indicatesthat the the physicalmodelsusedto describey{z \�| zi}�~�� –typeprocessesareimperfectwhen | e }����

.

VII. Conclusion

The presentedresultsshow that almostall of the above-
verified codesareapplicableduring the stageof conceptual
feasibility study and development work, but are not yet
reliable enough to solve the applied problems that arise
when designingand operatingthe ADS facilities. At the
same time, the yields of numerous secondaryproducts
have to be known to within a very high accuracy for many
reasons(large cross sectionsfor neutron capture, a high
radiotoxicity, chemical poisoning of structure elements,

gas evolution, etc.). So, the codeshave to be much im-
proved to becomea reliable tool for calculating the ADS
parameters.The experiencegainedin the presentresearches
has shown that the experiment-simulationdifferencesare
expedientto studyin detailwhentheprojectileprotonenergy
rangeis broken into several intervals. This approachwill
berealizedfor thePbandBi targetsin theISTCProject#2002
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